ABSTRACT The effects of excess dietary magnesium on White Leghorn laying hens were investigated in two experiments and a third experiment looked at the effect of dietary phosphorus on excess magnesium in the diet. In Experiment 1, magnesium levels of 0.15, 0.8, and 1.2% were fed in a diet containing 2.5% calcium to hens 30 wk of age for 5 wk. A control diet with 3.5% calcium and 0.15% magnesium was also fed. In Experiment 2, hens 65 wk of age fed 3.5% calcium were fed dietary magnesium levels of 0.15, 0.36, 0.53, 0.76, and 0.91% for 4 wk. In these two experiments, excess magnesium reduced egg production, decreased feed consumption, decreased body weight, decreased percentage eggshell, reduced plasma calcium, and increased plasma magnesium and tibia magnesium but changes seen in tibia weight, percentage ash, and tibia calcium and phosphorus were variable. More changes from feeding excess magnesium were seen in the young, high producing hens in Experiment 1. In Experiment 3, hens 50 wk of age were fed a marginal calcium level (2.5%) with an excess of magnesium (0.8%) and a control level of available phosphorus (0.45%) and this was compared to a low (0.25%) and a high level (0.9%) of available phosphorus for a 4-wk experimental period.
INTRODUCTION
As early as 1927 (Alder, 1927) it was shown that hens fed dolomitic limestone (limestone containing 10% or more of magnesium) had reduced egg production and eggshell thickness. McWard (1967) fed hens 1.2% magnesium from magnesium carbonate. Egg production, feed efficiency, body weight, egg weight, and eggshell thickness were reduced. Yet, other workers found no detrimental effects of excess magnesium on bird performance from natural (Tully and Frank, 1934) or chemically defined (Supplee, 1963; Mehring and Johnson, 1965) sources. Stillmak and Sunde (1971a,b) fed hens just over 1.0% magnesium from magnesium carbonate, causing decreased egg production. The same level of magnesium from dolomitic limestone had no apparent effect on the hens. Further studies suggested that magnesium from the dolomitic limestone being used was less available than magnesium from magnesium carbonate, but these studies were done with chicks. Eggshell quality was not influenced in hens fed excess magnesium for the entire laying cycle (Stillmak and Sunde, 1971a) . Atteh and Leeson (1983) suggested that excess magnesium in the diet increased the need for calcium and that when excess magnesium is fed, the calcium content of the diet should be increased for improved eggshell quality and bone integrity. This experiment would suggest that hens fed lower calcium levels would be more likely to have a negative response when excess magnesium is fed.
The reported effects of excessive magnesium in the diet vary from little or no effect to many and varied effects and the level required for effect varies. Because limestone is often added to layer diets as a calcium source and the magnesium content of limestone varies from less than 1% to more than 13% (Scott et al., 1982) , there is always concern about excess magnesium from limestone. To determine the influence of excess magnesium on laying hens, a chemically pure source of magnesium would seem appropriate, as limestone is quite variable as a calcium source due to its solubility (Rao and Roland, 1989; 1990) ; the availability of magnesium would also be suspect, as indicated by the Stillmak and Sunde (1971b) study using chicks. found that feeding excess magnesium reduced growth and bone development of broilers. Tibia ash was reduced in chicks fed 0.9% magnesium. Magnesium altered phosphorus metabolism and increased the dietary need for phosphorus. Edwards et al. (1961) , using orally and intraperitoneally administered radioactive magnesium, found that dietary phosphorus affected absorption and secretion of intestinal magnesium in chicks. These studies support a possible role of phosphorus in magnesium metabolism.
Laying hens fed high levels of dietary magnesium have shown varying responses of important variables, including egg production, feed consumption, and eggshell quality. Studies were conducted with White Leghorn hens fed excess magnesium from a chemically defined source (magnesium oxide) to determine the effect on egg production, feed consumption, body weight, and eggshell quality. Plasma calcium, magnesium, and phosphorus and tibia weight, percentage ash, and calcium, magnesium, and phosphorus contents in hens fed excess magnesium were investigated. The responses of hens fed excess magnesium to changes in dietary phosphorus were examined.
MATERIALS AND METHODS
White Leghorn laying hens were used in all experiments. They were housed in individual cages (25.4 cm × 45.7 cm) in a controlled environment laying house with 16 h of light and 8 h of darkness. Prior to the experiments, hens were fed a corn-soybean layer diet containing 3.5% calcium and 0.17% magnesium by calculation. Individual egg production was recorded daily and feed consumption was recorded weekly. Body weights of each hen were obtained at the beginning and end of each experiment. Percentage air-dried shell was determined to evaluate shell quality. Blood samples were taken within 5 h after oviposition to assure that blood samples were taken at approximately the same time in the laying cycle. Blood was taken from the brachial vein and using heparin (25 mg/mL blood) as an anticoagulate; plasma was obtained by centrifugation at 3,000 × g. At the appropriate time in each experiment, 10 birds per treatment group were killed by cervical dislocation within 5 h after oviposition and bone samples were taken. The right tibia was defleshed, then extracted with ethanol and then diethyl ether to obtain a dry fat-free bone, which was ashed overnight at 600 C. Feed, plasma, and bone ash calcium and magnesium were determined by atomic absorption spectrophotometry. The phosphorus content of plasma and bone ash was determined by the phosphomolybdate method (O'Neill and Webb, 1970) .
Experiment 1
A total of 160 hens 30 wk of age were fed one of four diets for a 5-wk experimental period. The basal diet (Table   1 ) contained marginal 2.5% calcium and 0.15% magnesium by analysis. Magnesium levels of 0.8 and 1.2% were fed using magnesium oxide as a magnesium source. A 3.5% calcium diet with 0.15% magnesium was fed to one group of hens for a dietary calcium comparison. Forty replicate hens were fed each diet.
At the end of Weeks 1, 3, and 5, blood samples were taken from 10 birds and these birds were then killed for analysis of tibia samples. All eggs laid on the last 2 d during Weeks 1, 3, and 5 were used to determine shell percentage. The data for each dietary treatment were compared within each time period using analysis of variance. Means were separated by LSD (SAS Institute, 1985) .
Experiment 2
A total of 150 hens, 65 wk of age, were divided equally and each group fed one of five diets for a 4-wk experimental period. The five diets contained 0.15 (basal, Table 1), 0.36, 0.53, 0.76, and 0.91% magnesium by analysis. The calcium level, confirmed by analysis of this diet, was 3.5%. Thirty hens were fed each diet.
At the end of Weeks 1 and 4, blood samples were taken from 10 birds and these birds were killed for tibia samples. All eggs laid the last 3 d of Weeks 1 and 4 were used for determination of shell percentage. Regression analysis was conducted using the General Linear Models procedure (SAS Institute, 1985) . Means were separated by Duncan's multiple range test.
Experiment 3
A total of 75 hens was equally divided and each group fed one of three diets for a 4-wk experimental period. The basal diet used in Experiment 3 was the same as that used in Experiment 1. Magnesium was added as magnesium oxide to make all diets 0.8% magnesium. Dietary available phosphorus was 0.45% in the basal and adjustments were made in dicalcium phosphate, limestone, and filler to hold calcium constant and give phosphorus levels of 0.25 and 1.00%. Twenty-five hens were fed each diet. At the end of Weeks 1 and 4, blood, tibia,and percentage shell analyses were conducted as in Experiment 2. The three dietary phosphorus treatments were compared within a time period using analysis of variance. Means were separated by LSD (SAS Institute, 1985) .
RESULTS

Experiment 1
Hens fed marginal calcium (2.5%) compared to 3.5% calcium showed no significant differences in egg production, feed consumption, body weight, plasma calcium, magnesium and phosphorus, tibia weight, tibia ash, and tibia calcium and magnesium (Tables 2 and 3 ). Feeding the lower calcium diet produced lower percentage shell at the end of Weeks 1 and 3, but not after Week 5. Tibia phosphorus was lower after Week 1 and higher after Week 5 when the lower calcium was fed. During the relatively short experimental period of 5 wk, the lower calcium effect was minimal on the parameters measured.
In hens fed the marginal calcium, the two high levels of magnesium significantly reduced egg production throughout the experiment (Tables 2 and 3 ). Feed consumption was significantly reduced by excess magnesium during Week 1 and by 1.2% magnesium during Week 2, but was not significantly affected thereafter. At the end of the experiment, body weight was significantly lower in hens fed 1.2% magnesium, but not in those fed 0.8% magnesium. Percentage eggshell was reduced by both levels of magnesium throughout the experiment. No significant differences were seen in egg weight (data not presented). Plasma calcium was reduced by excess magnesium and plasma magnesium was increased. Plasma phosphorus was significantly increased by the highest level of magnesium at the end of Weeks 1 and 3. Both levels of magnesium caused an increase in plasma phosphorus at the end of Week 5.
Tibia weight was lower in hens fed both levels of magnesium after Week 1 and in those fed 1.2% after Week 3, but there was no difference at the end of Week 5. Tibia ash was reduced by all levels of magnesium at all time periods. The calcium content (milligrams per gram of bone) of the tibia was always reduced by the 0.8% magnesium diet, but the effect of 1.2% magnesium was variable from week to week. Tibia magnesium was increased by excess magnesium in the diet. Tibia phosphorus was decreased by dietary magnesium after Week 1, but was very variable thereafter.
Experiment 2
A significant linear decrease in egg production was found with increasing dietary magnesium (Table 4) . There was no significant regression in feed consumption during the four time periods. There was not a significant regression for body weight. At the end of Week 1, there were significant linear and quadratic effects of dietary magnesium on percentage shell, with values increasing up to 0.53% magnesium in the diet and then declining. This regression was not significant at the end of Week 4, but the hens fed the highest level of magnesium had a lower percentage shell than the other treatments. As in Experiment 1, no significant differences were seen in egg weight. The plasma calcium regression was not significant at the end of Week 1, but the highest level of magnesium again produced the lowest value. The Week 4 plasma calcium linear regression was significant. There was a significant linear increase in plasma magnesium at Weeks 1 and 4. Plasma phosphorus regression was not significantly affected by diet. None of the regressions for tibia measurements were significant due to dietary magnesium except for a linear increase in tibia magnesium (Table 5) .
Experiment 3
Egg production was not significantly affected by increasing or decreasing dietary phosphorus from the control level (0.45%) in the hens fed excess dietary magnesium (0.8%) until Week 4 when egg production was reduced in the hens receiving 0.25% phosphorus (Table 6 ). Feed consumption followed a similar pattern. The hens fed the control and the lowest level of phosphorus lost weight and were significantly smaller than the high phosphorus birds at the end of Week 4.
Percentage shell was low in all hens after Week 1, but the hens fed high or low phosphorus had significantly poorer shells than those fed 0.45% available phosphorus. At the end of the experiment, the hens fed the high phosphorus had better shells than the controls and hens fed low phosphorus had poorer shells. No significant differences in egg weight were seen. Plasma calcium was low in all birds, but was not influenced by dietary phosphorus. At the end of Week 1, plasma phosphorus was elevated by high dietary phosphorus and reduced by low dietary phosphorus when compared to the controls. At the end of Week 4 no significant differences were seen. At the end of Week 1, tibia weight was reduced in hens fed high and low phosphorus compared to the controls. Neither high nor low phosphorus level resulted in tibia weights differing from the control after 4 wk, but tibias 
Cl
~ from low phosphorus hens were lighter than those from hens fed high phosphorus (Table 7) . Tibia ash was not significantly different in any of the treatment groups. Tibia calcium was higher in the hens fed high phosphorus after Week 1, but no differences were seen at the end of Week 4. Tibia magnesium was increased by feeding high phosphorus and decreased by feeding low phosphorus when compared to controls after Week 1. At the end of Week 4, hens fed high and low phosphorus had reduced tibia magnesium. Tibia phosphorus was higher after Weeks 1 and 4 when hens were fed higher or lower phosphorus compared to the control.
DISCUSSION
In two short-term experiments (Experiments 1 and 2) a dietary excess of magnesium in a chemically pure form (magnesium oxide) decreased egg production, reduced percentage shell, increased plasma magnesium, decreased plasma calcium, and increased tibia magnesium. These effects occurred in hens fed a marginal (2.5%, Experiment 1) or a normal calcium level (3.5%, Experiment 2). In both experiments there were early changes in feed consumption; hens fed higher levels of magnesium ate less. Even when differences in feed consumption were nonsignificant, numerical values were always lower for hens getting high levels of magnesium and body weights were significantly reduced by the end of the experiments. The reduction in feed consumption caused by magnesium early in the experiments could have affected early egg production. Once egg production was reduced, the decline in feed consumption could have been related to decreased egg production. It also appears that the hens fed high magnesium adjusted feed consumption somewhat to allow intake to be near normal. Further study will be required to determine why the above differences occurred. The slightly differing effects of magnesium in the two experiments could be influenced by the age of the birds (30 vs 65 wk), the large differences in rates of production (90 vs 70%), and the differences in dietary calcium level (2.5 vs 3.5%).
Tibia values in these experiments are hard to interpret. Tibia weights were variable (Experiments 1, 2, and 3) and tibia ash changed in Experiment 1. Tibia calcium, magnesium, and phosphorus expressed as milligrams per gram of bone are influenced by changes in bone weight and ash content. Because weight and ash content were done on a dry fat-free bone, any changes in moisture or fat content of bone would have had an effect. The only obvious effect of excess magnesium on bone is to increase bone magnesium.
It appears that dietary levels of magnesium above 0.9% reduce plasma calcium, which may be related to the decrease in egg production and percentage shell observed in Experiments 1 and 2. This result is in agreement with previous research (Alder, 1927; Stillmak and Sunde, 1971a ) in which about 1.0% magnesium was required to affect egg production. The increased levels of magnesium in the blood and bone of the hens fed excess magnesium suggest a possible mechanism for the action of the magnesium. It has been shown that blood magnesium levels play a role in the control of parathyroid hormone release and that magnesium may be as effective as calcium on a molar basis in parathyroid gland function (Sherwood et al., 1970) . Parathyroid hormone release is reduced by both high and low levels of dietary magnesium (MacManus et al., 1971) Magnesium excess has been shown to suppress parathyroid activity in the dog (Massry et al., 1970) and in the rat (Clark, 1969) . In the broiler chick, excess magnesium altered the histological appearance of the parathyroid gland . It is suggested that the mechanism by which excess magnesium has its effect in layers is to reduce parathyroid hormone activity, which reduces blood calcium, and thus shell quality and egg production are affected. This hypothesis also stresses the importance of having a good sensitive parathyroid hormone assay that is not presently available for the chicken.
Feeding high (0.9%) or low (0.25%) dietary available phosphorus to hens fed excess magnesium (0.8%) and marginal calcium (2.5%) had only small effects on the hens and a pattern was difficult to discern. At the end of the experiment there was a suggestion that feeding the low phosphorus level had a negative effect. Egg production was reduced compared to the control as was feed consumption and shell quality. The expected effect of higher phosphorus overcoming excess magnesium as seen in chicks , was not clear in these experiments with hens. Further research is needed to clarify this area of magnesium metabolism in the laying hen.
